Objective: To evaluate the accuracy of percentage body fat (%fat) estimates from air displacement plethysmography (ADP) against an increasingly recognised criterion method, dual-energy X-ray absorptiometry (DXA), in young adolescents. Design: Cross-sectional evaluation. Setting: Leeds General Infirmary, Centre for Bone and Body Composition Research, Leeds, UK. Subjects: In all, 28 adolescents (12 males and 16 females), age (mean7s.d.) 14.970.5 y, body mass index 21.272.9 kg/m 2 and body fat (DXA) 24.2710.2% were assessed. Results: ADP estimates of %fat were highly correlated with those of DXA in both male and female subjects (r ¼ 0.84-0.95, all Po0.001; s.e.e. ¼ 3.42-3.89%). Mean %fat estimated by ADP using the Siri (1961) equation (ADP Siri ) produced a nonsignificant overestimation in males (0.67%), and a nonsignificant underestimation in females (1.26%). Mean %fat estimated by ADP using the Lohman (1986) equations (ADP Loh ) produced a nonsignificant underestimation in males (0.90%) and a significant underestimation in females (3.29%; Po0.01). Agreement between ADP and DXA methods was examined using the total error (TE) and methods of Bland and Altman (1986) . Males produced a smaller TE (ADP Siri 3.28%; ADP Loh 3.49%) than females (ADP Siri 3.81%; ADP Loh 4.98%). The 95% limits of agreement were relatively similar for all %fat estimates, ranging from 76.57 to 77.58%. Residual plot analyses, of the individual differences between ADP and DXA, revealed a significant bias associated with increased %fat (DXA), only in girls (Po0.01). Conclusions: We conclude that ADP, at present, has unacceptably high limits of agreement compared to a criterion DXA measure. The ease of use, suitability for various populations and cost of ADP warrant further investigation of this method to establish biological variables that may influence the validity of body fat estimates.
Introduction
Body composition analysis serves as an important measure for evaluating and monitoring nutritional status and health. As levels of childhood obesity rise (Rudolf et al, 2001) , identification of appropriate and accurate methods of assessment will provide information that can be compared with other risk profile data, such as metabolic, fitness and fat distribution variables.
Traditional methods for characterising the body utilise a two-component (2-C) molecular level model (Wang et al, 1995) . Based on the Archimedes principle, it has long been recognised that the fat and fat-free components of the body can be derived from whole body density (D b ), assuming constant densities of their constituents (Stern, 1901) . It was not, however, until 1942 that Behnke et al perfected the measurement technique using hydrostatic weighing (HW). HW has, for many years, been considered the gold standard of body composition analysis (Going, 1996) . HW is, however, time consuming and necessitates a high degree of both subject and technician skills, particularly in relation to the measurement of residual lung volume. In addition to the above factors cumbersome equipment makes it unsuitable for certain research facilities and populations (eg children and the obese).
A recent alternative to hydrodensitometry for assessment of D b is air displacement plethysmography (ADP). The first commercially available ADP (ie the BOD POD) is quick, non-invasive, accommodating to a variety of populations and requires less technical expertise than HW (McCrory et al, 1995) . Additionally, the cost makes it a viable tool for many institutes that are unable to conduct more 'precise' methods (eg magnetic resonance imaging, in vivo neutron activation analysis (IVNA), four-component (4-C) analysis and dual-energy X-ray absorptiometry (DXA)).
The major disadvantage of techniques based upon the 2-C model is the fundamental assumption regarding the proportions of the water and bone mineral constituents of the fatfree mass (FFM). The most commonly used equation for conversion of D b to percentage body fat (%fat) assumes a constant FFM density of 1.10 g/cm 3 (Siri, 1961 ). Children's FFM, however, is acutely sensitive to variability in hydration status and bone mineral content (BMC) . Lohman (1986) subsequently devised prediction equations utilising age-and gender-specific constants to estimate %fat from D b .
To date, there have been relatively few studies considering the accuracy of ADP measurements in children (Nunez et al, 1999; Dewit et al, 2000; Fields & Goran, 2000; Lockner et al, 2000; Nicholson et al, 2001; Demerath et al, 2002) of which only two (Fields & Goran, 2000; Nicholson et al, 2001 ) utilise age-and gender-specific constants and none of which were based solely on the adolescent age range under consideration in the present study. Therefore, the present study was designed to compare ADP and DXA measurements of %fat in young adolescents.
DXA is a quick, safe and relatively noninvasive technique for measuring body composition. Originally developed for measuring BMC (Mazess et al, 1981) , DXA is able to provide information about soft tissue composition and has quickly become established as a criterion measure of body composition (Bray et al, 2001) . It has been shown to be reliable (Pintauro et al, 1996) and a valid standard, based on: carcass analysis of animal models (Svendsen et al, 1993; Ellis et al, 1994) , and 4-C analysis (Prior et al, 1997) and DXA is a suitable criterion measure because it measures BMC and has been reported to be relatively unaffected by differences in hydration of the FFM (Going et al, 1993; Testolin et al, 2000) . In addition, although DXA measurement is not assumption free (Pietrobelli et al, 1996) , it is an independent measure of %fat, whereas the 4-C model incorporates D b .
Methods

Subjects
A total of 28 adolescents (12 males and 16 females) participated in the study. Subjects were recruited from the local community by advertisement in newspapers and doctors surgeries. The main characteristics of the sample are shown in Table 1 . All measurements were performed on the same day within a 3 h period. The study protocol was approved by Leeds Teaching Hospital Research Ethics Committee, and both participant written informed assent and parental/guardian written informed consent were obtained prior to testing. , where weight is expressed in kg and height in m (Quetelet, 1842) . DXA BMC, fat mass (FM) and lean tissue mass (LM) measurements were obtained using the GE/Lunar Prodigy densitometer. The Prodigy utilises a narrow fan beam (4.51) orientated parallel to the longitudinal axis of the body. A dual-energy X-ray source with peak X-ray energy of 80 kVp and a current of 3 mA with a K-edge filter (cerium 300 mg/cm 2 ) gives effective energies of approximately 38 and 70 keV. The detector consists of an array of energy-sensitive cadmium zinc telluride detectors of length 5 cm (16 elements each 3 mm wide) allowing rapid photon counting. Imaging is typically over a 24 mm length with longitudinal steps of 17 mm. Pixel size for total body standard scan mode is 4.8 Â 13.0 mm 2 (Mazess et al, 2000) . Scan time for a total body measurement is approximately 5 min. Software version 2.26 was used for analysis. %Fat was calculated as FM relative to total body mass (BM) as estimated by the Prodigy sum of parts
For ethical reasons repeat measurements were not performed on the children in this study. In our laboratory, the between-trial coefficient of variation (CV) for measurement of %fat in 10 adult subjects measured twice, with repositioning, on the same day is 2.7% (data not shown).
ADP
Body volume (V b ) was measured using the BOD POD whole body ADP (Life Measurement Instruments, Concord, CA) and software version 1.69, in accordance with the manufacturer's operation instructions. A detailed explanation of the measurement procedures has been described previously (Dempster & Aitkens, 1995) . Briefly, prior to any measurements, a system testing calibration, using a cylinder of known volume (50.146 l) and manual calibration of the scales, using two 10 kg weights was completed. After the calibration, subjects were weighed, then entered the Bod Pod chamber wearing only a tight fitting swimsuit and swim cap. To calculate raw body volume (V raw ) two 50 s measurements were performed. If these measurements were within 150 ml they were accepted and the mean volume used for further calculations. If, however, they differed by more than 150 ml, a third test was administered. If two of the three measurements fell within 150 ml their mean was used for calculations, if not, the whole process (including calibration) was repeated.
Actual V b was computed from V raw correcting for a surface area artefact (SAA) (a term used to correct for the effects of isothermal air near the subject's body surface area (BSA)) and thoracic gas volume (V tg ) (Dempster and Aitkens, 1995) : V tg ðlÞ ¼ FRCðlÞ þ 0:5V t ðlÞ V tg was calculated by the supplied software using the FRC equations of Crapo et al (1982) and assumed V t constants, 1.2 l for men and 0.7 l for women (personal communication, Life Measurement Instruments, Concord, CA).
To obtain %fat estimates V b was first converted to D b (body mass/V b ). %Fat was then calculated using the general equation of Siri (1961) (ADP Siri ) and the age and gender specific equations of Lohman (1986) (ADP Loh ). All equations are of the form
where X and Y are derived from the equation
where d 2 represents the constant density of fat, 0.9 g/cm 3 , and d 1 represents the assumed density of the FFM (D ffm ) compartment as given by Siri (1961) and Lohman (1986) .
In our laboratory the between-trial CV for measurement of %fat in 10 female adolescents measured twice on the same day is 7.6% (data not shown).
Statistical Analysis
The relation between DXA and BOD POD %fat estimates was examined using paired sample t-tests, the correlation coefficient (r) and least-squares linear regression. The accuracy of the prediction of body fatness by the regression analysis was evaluated using the coefficient of determination (r 2 ) and the standard error of estimate (s.e.e.). Agreement between body composition estimates was examined by two methods: (1) total error (TE) ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P ðŶ Y À YÞ 2 =N q , as described by Lohman (1981) , whereŶ Y is %fat BOD POD, Y is %fat DXA and N is number of subjects, and (2) by calculation of the 95% limits of agreement as described by Bland and Altman (1986) . Additionally, potential bias between %fat estimates by DXA and the BOD POD was examined using residual plots. Firstly, this analysis reveals whether differences in the estimates of %fat vary across the range of fatness, as a function of %fat DXA. Secondly, it determines whether All %fat estimates by ADP were significantly correlated with %fat DXA (rZ0.84, Po0.001). In all cases the intercept and slope were not significantly different from zero and one, respectively. However, for all subjects, regression analysis highlighted the differences between the Siri (y ¼ 1.043xÀ0.592) and Lohman (y ¼ 1.030x þ 1.612) equations. Comparison combining all subjects masked gender differences in the ADP estimated %fat in relation to those derived by DXA. Figure 1 illustrates the disparity in the regression for males and females. The variation around the regression line (SEE) was slightly greater for females (ADP Siri 3.68%; ADP Loh 3.89%) than males (ADP Siri 3.42%; ADP Loh 3.51%).
TE, the actual mean difference between DXA %fat and ADP estimates, confirmed the regression findings. In all cases, the TE was greater for the Lohman compared with the Siri conversion. Additionally, males produced a smaller TE (ADP Siri 3.28%; ADP Loh 3.49%) in comparison with females (ADP Siri 3.81%; ADP Loh 4.98%).
As summarised in Table 3 , the 95% limits of agreement were relatively similar for all %fat estimates, ranging from 76.57% to 77.58%. For all subjects ADP Siri produced slightly lower individual differences (77.12%) than ADP Loh (77.54%) (Figure 2) . Analysing males and females separately highlighted that individual differences for males (AD-P Siri 76.57; ADP Loh 76.89) were slightly less than for females (ADP Siri 77.28; ADP Loh 77.58).
Residual plot comparisons considering whether differences in DXA and ADP estimates of %fat vary across the range of fatness as a function of %fat DXA for all subjects, revealed a significant ADP bias across the range of fatness (r ¼ ADP Siri À0.45; ADP Loh À0.44, Po0.05). However, considering all subjects masks the true bias in our sample. For males no significant ADP bias was evident, whereas among females there was a significant ADP bias (r ¼ ADP Siri À0.74; ADP Loh À0.73, Po0.01) with increasing body fat content (ADP Siri Figure 3) .
Additionally, residual plot comparisons considering whether differences in DXA and ADP estimates of %fat were related to variability in the BMC of FFM for all subjects, revealed a significant inverse relation (r ¼ ADP Siri À0.58; ADP Loh À0.58, Po0.01). However, considering all subjects masks the true relation in our sample. For males no significant bias was evident, whereas among females there was a significant bias (r ¼ ADP Siri À0.67; ADP Loh À0.63, Po0.01) with variability in the BMC/FFM ratio (ADP Siri Figure 4 ).
Discussion
The present study was designed to investigate the ability of the BOD POD ADP to accurately assess %fat in young adolescents, compared to a DXA criterion measure. As expected, all ADP %fat estimates were significantly correlated (Sinning et al, 1985; Clark et al, 1993) . Lohman (1981) suggested analysis should include evaluation of mean7s.d., mean difference (MD), s.e.e. and TE. In addition, individual agreement in the present study was analysed using the methods of Bland and Altman (1986) , and bias assessed by residual plots.
In the present study conversion of D b using the Siri (1961) equation led to mean %fat estimates for all subjects that agreed better with that determined by DXA, compared with the age-and gender-specific equations of Lohman (1986) ( Table 2) . However, considering all subjects masks an important gender division. In males, there was no significant difference between mean %fat estimates by ADP and that determined by DXA using the Siri (1961) or Lohman (1986) equations. The Siri (1961) equation overestimated %fat (0.7%) while the Lohman (1986) equations underestimated %fat (0.9%). In females, both the Siri (1961) and Lohman (1986) equations revealed an underestimation of %fat (1.3 and 3.3%, respectively), of which the ADP Loh was significantly (Po0.001) different from the DXA mean value.
In children, HW comparisons with DXA also provide inconsistent results. Bray et al (2001) reported an underestimation of %fat in both males (2.0 and 7.4%) and females (2.0 and 7.5%), by the Siri (1961) and Lohman (1986) equations, respectively. In contrast, compared to DXA, the data reported by Roemmich et al (1997) suggest an overestimation of %fat by HW using the Siri (1961) equation and a male overestimation and female underestimation using the Lohman (1986) equations, the magnitude of error depending on gender and maturational stage. Similarly, Wells et al (1999) reported slight underestimation's of %fat (0.1% males, 1.9% females) utilising age-and gender-specific equations. To date, only one study in children has directly compared ADP and DXA %fat estimated using the Lohman (1986) equations (Nicholson et al, 2001) , and studies using the Siri equation are equivocal (Table 4) .
In males, the present study supports the results of Roemmich et al (1997) , finding an ADP Siri %fat overestimation (0.7%). These findings are expected because the Siri (1961) equation assumes a greater D ffm (1.1 g/cm 3 ) than would be found in children (Lohman, 1986) , thus producing an overestimation of %fat. The smaller magnitude of the overestimation in the present study (0.7% compared to 5.2 and 3.4%), may be explained by the greater age in our sample (14.8770.41 y compared to 10.970.3 and 13.470.5 y), and thus a resultant D ffm closer to 1.1 g/cm 3 . The findings in females using the Siri (1961) equation are surprising. Similar to boys, it is expected that female adolescents have a D ffm lower than 1.1 g/cm 3 (Lohman, 1986) , therefore resulting in an overprediction of %fat. These findings are supported by Nunez et al (1999) and Nicholson Estimates of percentage body fat in young adolescents D Radley et al Figure 2 Bland and Altman plots comparing body fat content determined by DXA and ADP for all subjects using the Siri and Lohman equations (', male; n, female). (2001) , who reported an underestimation ADP Siri in female subjects, by 0.1 and 3.0%, respectively. While these findings might suggest a systematic error in V b measurements, in female subjects, it should be noted that at present it is not possible to determine if the underprediction is a function of sex per se or of body fat content (Fields et al, 2002) . When converting D b to %fat using the Lohman (1986) equations, the present study found an underestimation in both males (0.9%; nonsignificant) and females (3.3%; Po0.01). It would be expected that the Lohman equations give closer %fat estimates to DXA than the Siri conversion because the equations are based on age-and gender-specific D ffm . As explained above, the underestimation in females subjects may, in part, be because of a systematic error in V b measurement. Additionally, the large mean difference (3.3%) found in the present study, consistent with the HW findings of Roemmich et al (1997) , suggests an underprediction of %fat by the Lohman (1986) equations. Fields et al (2002) have recently outlined the necessity to consider gender independently in adult studies. The above findings and those of Nicholson et al (2001) indicate that independent analysis by gender is also essential in child and adolescent studies.
Estimates of percentage body fat in young adolescents
To date few studies have assessed the accuracy of ADP V b measurement in children. In the six papers that have compared ADP and HW in children, findings are equivocal (Demerath et al, 2002; Fields et al, 2002) . Owing to the limited literature available and inconsistent findings, it is not at present possible to make any conclusive judgements concerning the accuracy of V b by ADP in children. A recent review of ADP (Fields et al, 2002) highlighted that differences in findings are attributable in part to biological errors which have not been explained. Further investigation is required to establish biological and technical errors during ADP measurements, a comprehensive list of which have been suggested by Fields et al (2002) .
To further assess the accuracy of ADP %fat estimates, the s.e.e. for prediction of %fat by regression analysis was *Data from the original study was re-evaluated and reported by Fields et al (2002) .
Estimates of percentage body fat in young adolescents D Radley et al considered. The s.e.e.'s in the present study ranged from 3.42 to 3.91%, which are classified as very good and good, respectively, by Lohman (1992) and are similar to those reported previously, 3.41-4.10% (Nunez et al, 1999; Fields & Goran, 2000; Lockner et al, 2000) . More recently, however, Lohman (1996) has suggested the s.e.e. must be o3% for a new method to be accepted as accurate. First described by Lohman (1981) , Clark et al (1993) later suggested the TE as the best single measure for evaluating differences between a new and criterion measure. TE represents the true mean sample error between two measures. TE in the present study ranged from 3.28 to 4.98%, indicating a fair to poor level of agreement.
The methods described by Bland and Altman (1986) were used to further examine the level of individual agreement between DXA and ADP %fat estimates. Where the TE reveals the true mean error between measures, the 95% limits of agreement reveal true variability among individuals. The relatively large limits of agreement found in the present study, ranging from 76.57 to 77.58%, denote a wide range of individual variability between ADP and DXA %fat estimates. Fields and Goran (2000) and Nicholson et al (2001) reported similar limits of agreement, ranging from 76.8% to 78.1% between ADP and DXA. It is important to note that these limits are because of inaccuracies in DXA, ADP V b measurement and errors arising from the conversion of D b to %fat.
Residual plot analysis firstly examined the effect of varying degrees of fatness on the accuracy of ADP estimates of %fat. It is evident that consideration of all subjects masks distinct gender diversity. Figure 3 illustrates that in males there was no significant ADP bias while in females there was a significant (Po0.01) ADP bias as body fat content increased. The negative association indicates an overestimation of %fat by ADP in leaner subjects and an underestimation of %fat in fatter subjects. As previously highlighted, because males were leaner than females it is not possible to determine whether the gender diversity is a result of gender per se or differences in body fat content. Residual plot analysis secondly examined the relation between variability in the BMC of FFM and differences in DXA and ADP %fat estimates. Again, consideration of all subjects masks distinct gender diversity. Figure 4 illustrates that in males there was no significant relationship while in females there was a significant (Po0.01) ADP bias as the BMC/FFM ratio increased. As would be expected, ADP tends to overestimate %fat in female subjects with a low BMC/FFM and underestimates %fat in female subjects with a high BMC/FFM, when compared to DXA. The reason a similar significant relation was not found in males is unclear. However, it should be noted that differences between DXA and ADP %fat estimates that are attributable to variability in the D ffm are a function of the cumulative effects of variation in mineral, water and protein content. Furthermore, in our opinion, the residual plot analyses must be interpreted with caution given the small sample size and difference in body fat content between males and females.
One variable that may be construed as a limiting factor in the present study is the use of software predicted estimates of thoracic gas volume (V tg ). Consistent with Nunez et al (1999) , Wells et al (1999) and Lockner et al (2000) , we found the procedure necessary to obtain V tg was not well accepted by children, a large proportion being unable to perform the necessary manoeuvre after several attempts.
McCrory et al (1995) and Demerath et al (2002) have previously reported that in adults, there is no significant difference between predicted and measured V tg . In contrast, Lockner et al (2000) and Demerath et al (2002) found that in children the ADP software produced a slight overestimation, when compared to measured V tg . In addition, Dewit et al (2000) reported a mean overestimation by the ADP software of 0.28 l when compared to child-specific prediction equations. Support for the use of predicted V tg has been highlighted by Dewit et al (2000) and Fields et al (2002) . Dewit et al (2000) noted that a potential disadvantage in using measured V tg arises because the assessment procedure takes place separately from the V b measurement. In their review, Fields et al (2002) stated the need for the validation of measured V tg . Further, it should also be noted that because only 40% of V tg enters the BOD POD formula used to calculate V b , the impact on %fat values is small. An overprediction of 0.5 l V tg , for a 60 kg adolescent would result in a 1.7% overestimation in %fat.
Conclusion
Collectively the coefficients of determination, mean differences and s.e.e.'s found in the present study suggest the potential for accurate %fat estimates using ADP with young adolescents. In addition, its ease of use, suitability for various populations, low cost and lack of radiation make it a most promising tool for future body composition analysis. However, at present, ADP has unacceptably high limits of agreement compared to a criterion DXA measure. Further investigation is needed, not only to establish biological variables that may affect the accuracy of V b measurement, but also to enable the derivation of more accurate conversion formulas from D b to %fat based on not only age and gender but also pubertal status, body fatness and race.
